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ABSTRACT: Operation strategies of Wastewater Treatment plants (WWTPs) are changing at the mo-
ment. Because of the huge amount of energy needed for treatment more and more efforts are carried out 
to gain an overall energy recovery from the urban water cycle. Therefore additional renewable energy fa-
cilities are added in order to reduce the overall demand of energy supply taken from the power grid. As a 
consequence an additional goal in plant operation has been defined, complementing the main focus on 
water purification needs and matching all effluent standards in water quality. Today most often WWTPs 
are the facilities with the highest energy needed and which are owned by public (e.g. cities). Conse-
quently also small hydropower plants are part of this strategy, thus using an again new identified site for 
small hydropower implementations. This paper gives an overview of suitable techniques and boundary 
conditions which have to be considered for an operation of small hydropower concepts on WWTP. Re-
sults show that bigger WWTPs at larger rivers with higher flood level offer the highest potential for an 
economic implementation. Finally a case study at the WWTP Bottrop is presented. Results of the case 
study show that an Archimedean screw is suited best at the case study site.  
Keywords: small hydro power, wastewater treatment plants, sewer systems, advanced energy recovery 
1 INTRODUCTION  
The current requirements for more efficient pollutant removal on waste water treatment plants (WWTPs) 
tend towards the installation of additional treatment steps to eliminate micropollutants like pharmaceuti-
cal trace elements. These units are commonly high energy-consuming (cf. ozonization). Nevertheless, 
WWTP are even without these additional treatment steps the biggest energy-consumer within a munici-
pality or, like not unusual in Germany, within a water board (cf. Figure 1).  
Figure 1. Distribution of energy consumption of Emschergenossenschaft & Lippeverband, 2011 
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In particular the nitrification processes are highly energy consuming due to aeration needs. Therefore 
many attempts have been made to reduce the energy demand of biological treatment (Dichtl, 2004, Sie-
grist, 2008), mainly focusing on aeration. In addition, due to the finiteness of fossil fuels as well as energy 
costs increase the aim of energy autarky gains even more importance.  
As a result there is a change in energy management at WWTPs since approximately the last ten years 
(Schroeder, 2002). Whereas in former times biogas has been combusted as there was no need for cogene-
ration, nowadays WWTPs aim to recover as much energy as possible (Singh et al., 2012). Improvement 
of sewage sludge treatment (Schmelz et al., 2007), benchmarking of energy usage (Stemplewski et al., 
2001, Möller et. al., 2012) as well as shifting of highly energy consuming processes to off-peak hours 
(Lawrence, 2004) are implemented steps towards an advanced energy recovery at WWTPs. Figure 2 
shows the new overall strategy of plant operators.  
Figure 2. Elements of a hybrid power plant using renewable energies and advanced energy recovery at WWTPs  
(according to Stemplewski, 2012) 
An effective utilization of sewage sludge starts with the digestion of excess sludge. This process aims to 
stabilize sludge conditions for further treatment steps – as a by-product, biogas is produced. A well ad-
justed process decomposes the biomass effectively, diminishes the sludge volume and produces a high 
amount of biogas (Gujer, 2007). The biogas is collected in storage tanks to compensate fluctuations in 
volume and quality, respectively. Subsequently, the biogas is combusted using cogeneration. The pro-
duced electricity and heat can be used within the plant, for example for aeration and heating digesters, re-
spectively. The digested sludge is commonly transferred to chamber filter presses to reduce the volume of 
sludge by draining it mechanically. In former times the sludge was dried at the outside with only little ef-
ficiency, but current developments offer new opportunities to use solar light for drying processes in a new 
way. Nevertheless, the dried sludge is incinerated afterwards – once again producing a countable amount 
of energy and heat. The effectiveness may significantly be increased by using additional biomass (co-
substrates, Schmelz et. al., 2007). Instead of using the produced biogas for cogeneration, it also may be 
purified and used as domestic gas or even fuel. The idea of using biogas as fuel is again not new, there are 
many examples for WWTP – gas stations in the 1950s and 60s but they were non-competitive to fossil 
fuels in that time (Schröder, 2007). 
Energy storage is consequently becoming a more sincere problem as the production and consumption 
of energy is not necessarily parallel. This leads either to the elimination of excess biogas or the demand 
for peak load energy – which is both cost-intensive. Therefore the storage of biogas and the production of 
hydrogen via electrolysis is yet another way to store the energy. The hydrogen can be stored and used – 
on demand – in fuel cells to produce high-demand electricity.  
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After the improvement of sludge treatment and replacement of highly energy consuming utilities the 
next step is the integration of renewable energies, as it was already mentioned by Meliß et al. 1998. Solar 
cells are nowadays well established and can easily be applied at WWTPs as these provide large surface-
areas of buildings and fallow areas, respectively (Stampolidis et al., 2006). Photovoltaic technology is ful-
ly developed. For example an area of 40,000 m² with a sun intensity of 1.000 kWh/(m²*year) may pro-
duce 4,500 MWh a year which means a saving of approximately 1,125,000 Euros (25 ct/kWh) if the en-
ergy is used on site. Even the applicability of wind power has been mentioned (Meliß et al. 2008) and is 
also analyzed (Stemplewski, 2012). Consequently, the applicability of hydro power for energy recovery 
has to also be investigated also. Small hydropower solutions are thus also becoming part of this strategy. 
They may also be applied at WWTPs as there is a stable and well defined discharge and, in dependency 
of the location, a certain available hydraulic head. As hydropower is originally designed for rivers there 
are some differences in the situation which are as follows:  
 Outfall of the WWTP must be available all time 
 Most often screens and trash racks are not needed  
 Integration into energy-grid of the WWTP is very simple 
 Staff for operation and maintenance is located nearby at the WWTP 
2 APPLICABILITY OF HYDROPOWER ON WWTPS 
Historically hydropower has been developed for small heads. Since over two thousand years hydropower 
in its simplest way, i.e. water wheels, has been used to irrigate fields or support industry by producing en-
ergy for example in mills or forging hammers. During the last two hundred years the technology has been 
improved and transferred into turbines which generate energy out of heads up to even more than 1,000 m. 
During industrialization the production of cheap energy using fossil fuels lead to the demolition of his-
torical/small hydro power units (Denny, 2004). Nowadays, global warming, the scarcity of fossil fuels, 
the changes in energy policy and the increasing energy costs lead to changes in energy politics; this leads 
to a renaissance of very low head hydropower technologies (Müller et al., 2002).  
As many enhanced hydropower technologies like highly efficient turbines cause a certain amount of 
constructional effort – the constructional costs often prevent the application as the expectable benefits do 
not legitimate these costs. Thereby modular based concepts as well as advanced technologies have been 
developed especially for small heads (Bozhinova et al., 2012). As there are numerous concepts available 
worldwide, this paper is categorizing the available technologies due to the mode of operation and their 
applicability at WWTPs. It is not intended to present all small hydropower concepts and techniques.  
2.1 Available Technologies 
The discharges at WWTPs are closely connected to the design of the urban drainage system. The diurnal 
flow can be recognized in the WWTP’s discharge. This means, as the hydro power unit should use as 
much discharge as possible, every small hydropower concept has to be designed for a certain range of 
discharges to cover the night minima as well as the day’s maximum during dry weather flows. Conse-
quently only hydropower concepts providing a broad and high effectiveness are suitable. During the last 
years research and development led to an increasing amount of hydropower units for small heads. Some 
of them are using/improving historical concepts and some use/develop new aspects. Although there are 
theoretically lots of techniques available, only few offer long term experiences. Nevertheless, it is useful 
to categorize these technologies due to their mode of operation.  
2.1.1 Water wheels  
Water wheels are the most classical hydro power technique, which can be divided by the point of water 
loading into overshot, breast shot and undershot, respectively. Overshot water wheels (cf. Fig. 3) mainly 
use potential energy whereas undershot water wheels use the kinetic energy of the water. The blade con-
figuration mainly depends on the water loading point. Overshot water wheels have a low capacity per 
blade, which leads to a larger width. Undershot water wheels have a higher capacity and are therefore ca-
pable of larger discharges. Nevertheless overshot water wheels have the highest efficiency (Denny, 2004). 
Fig. 4 shows the measured performance characteristics of three overshot water wheels of different charac-
teristics depending on the load discharge given in the ratio of given discharge to optimal discharge 
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(Q/Qmax). It is obvious that water wheels provide a high efficiency (around 80 %) for discharges between 
20 and 120 % of the optimal discharge. Thereby they are very suitable for varying discharges.  
Figure 3. Example for a classical undershot (Zuppinger) 
water wheel (Müller, 1939) 
Figure 4. Measured performance characteristics of three over-
shot water wheels (according to Müller & Kauppert, 2003) 
Water wheels are made of different materials like certain types of woods or metals depending on their lo-
cation. Several companies produce water wheels, sometimes since generations. New developments often 
use an implementation of module-based concepts to decrease costs. As a result less cost intensive modu-
lar concepts as well as traditionally produced customized waterwheels are available; for every application 
site both alternatives have to be considered.  
The advantages of water wheels are their low constructional costs and their wide range of high effi-
ciency. This means that both small and high discharges can be used effectively and thus energy will be 
produced continuously.  
2.1.2 Archimedean Screw  
Since ancient times the Archimedean screw is used to lift water to higher levels. Further, they are state of 
the art at e.g. WWTPs to lift the inflow, pretreated sewage or sludge inside the WWTP. As result the staff 
members on WWTP are used to this concept resulting in a good acceptance for this technology, because 
of its high reliability even dealing with a complex media like raw sewage. Since several years they are al-
so used vice versa to generate energy in very low-head situations (Hellmann, 2003). The falling water 
moves the helical blades wrapped around the axis which drives via a gear the generator; therefore it lies in 
a semi-circular trough. Hydro Power Screws are nowadays also state of the art and produced in different 
standardized versions (Cf. Fig. 5). Due to its construction the Archimedean screw has also a wide range 
of good efficiency (cf. Fig. 5 - right). Hereby, the usable discharge of max. 10 m³/s determines the diame-
ter of the screw (up to 4 m) whereas the head determines the length of the screw (Lashofer, et al., 2011) in 
dependency of the angle. Thus, decreasing the angle increases the efficiency (Müller & Senior, 2009). 
Disadvantageous can be the required huge dimensions due to the flat angle (< 30 °) as well as the high 
load due to a massive steel construction.  
Figure 5. Archimedean Screw: left: example (Andritz Atro, 2012); right: range of efficiency of an Archimedean Screw with 
frequency converter (Lashofer et al., 2011) 
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2.1.3 Turbines and turbine-based concepts 
Turbines are the classic hydro power units. Nevertheless, they are most suitable for heads bigger than two 
meters. Of the three classical turbines, Pelton, Francis and Kaplan, only the latter one is suitable for small 
heads, i.e. low-pressure applications. Moreover, further developments of the Kaplan turbine like the hori-
zontal mounted Straflo-turbine as well as the tube turbine focus on very low heads. Thus, they still need a 
penstock for the inflow and a draft tube as outlet to decelerate the water. This causes a certain amount of 
constructional work which most of the times makes the implementation of a classical turbine at low heads 
not economic (Giesecke & Mosonyi, 2009).  
Different hydro power units based on the Kaplan turbine concept have therefore been developed (Boz-
hinova et. al., 2012). These concepts are generally thought for the application in rivers, therefore they fo-
cus on little constructional effort and fish friendliness. Nevertheless, all concepts keep the penstock as 
well as the draft tube as necessary parts. Still they are more suitable for sites of at least 50 kW. A com-
mon disadvantage is that hydro power technologies based on propeller concepts are still more sensible to 
discharge variations and atmospheric influences. Due to the diurnal variations in discharge a turbine, im-
plemented at the outflow of the WWTP is on a higher risk of cavitation. On WWTPs turbines should al-
ready be planned at the building/construction phase of the plant (Bolle & Billmaier, 2012); if a continuous 
discharge can be guaranteed they are low in maintenance and contribute constant energy.  
2.1.4 Chain conveyer concepts 
The field of chain conveyer is the less established of the mentioned technologies although it is quite 
promising for application at WWTP. The idea of chain conveyer is again not new; moreover chain 
pumps, i.e. rectangular-trough pallet-chain pumps were used in acient China for drainage and irrigation, 
respectively (Needham, 2004). Consequently, this technique can also be used to generate energy from wa-
ter. To the authors there is only one concept known; the “Katamax”-concept. It consists of troughs 
mounted on a vertical chain. If the troughs are filled with water they move the chain and thereby drive the 
generator. One Prototype has been implemented (Kastner, 2006); there is no official report of the proto-
type available, but it is known that it has not been implemented successfully due to several construc-
tional/material difficulties.  
Nevertheless, the idea of the vertical chain conveyer seems to be quite useful. Big advantages are the 
insensitivity towards contraries and the applicability if a certain head is available but no broadness to im-
plement a large energy conveyer such as waterwheels or Archimedean screws.  
2.2 Procedure to determine application sites at domestic WWTPs  
At WWTPs there are two different treatment paths – the one is the treatment of sewage water, the other 
one is the treatment of/energy recovery from the sewage sludge. Both paths have in a first step to be taken 
into account as both provide possible application sites for small hydropower applications.  
2.2.1 Sludge treatment 
Beginning with sludge treatment, it simplified consists of three steps. First, fermentation whereby biogas 
is produced, second, drying of the digested sludge, which produces filtrate and finally, the energy recov-
ery using incineration (cf. Fig. 6).  
Figure 6. Simplified schematic longitudinal section of sludge treatment line 
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Concerning hydropower, the digesters offer a continuous discharge for hypothetical energy recovery. 
Thus, the discharge is rather small, i.e. although there are higher heads (~30 m), the discharge is so little 
(p.e. 20 L/s), that the expected energy potential ranges about 4 kW. Thus, even after the fermentation pro-
cess, the sludge is still tough-flowing and contains fibres which may still cause a high risk of blocking. 
By blocking the outflow of the fermentation towers, the whole sludge treatment might be affected. As a 
result digesters are not suitable for the application of hydropower applications.  
Another treatment step that can be focused on is the effluent of the filtration, p.e. chamber filter press-
es. The effluent is suitable for energy recovery using hydropower as it does not contain any contraries. 
Furthermore the filters are usually mounted on a higher level to ease the treatment of filter cake and efflu-
ent, respectively. The study sight, a WWTP of 1.3 Mio. PE, provides filter effluent of 46 L/s. In combina-
tion with the head of 3 m there is an expectable potential of 1 kW. As the filters are working one after the 
other in order to ease maintenance the real discharge is even less. Further, the hydro power unit should be 
positioned within the main pipe. At the moment there is no technique available to use small discharges 
within pipes. If development and research create a suitable technique there is small potential that can be 
used to produce/ re-win energy from filtration processes. The effluent of chamber filter presses is hardly 
economical realizable.  
2.2.2 Wastewater treatment 
The main focus has to be put onto the waste water treatment itself. Generally, WWTPs are constructed 
with a higher positioned even pumped inflow and a gravity flow towards the river. Due to constructional 
reasons there might be some heads left within the WWTP, too. Good points to have a look on are the dis-
charge of the mechanical treatment, higher mounted basins for biological treatment and the overall out-
flow of the WWTP.  
Figure 7. Simplified longitudinal cut of wastewater treatment  
The implementation of a hydropower unit within the WWTP is difficult due to the properties of the 
wastewater, i.e. chemical composition, pH-value and contraries, respectively. This leads to advanced ma-
terial requirements, especially in corrosion resistance.  
The discharge of the primary sedimentation has the advantage that the water is already mechanically 
treated and does not yet contain activated sludge. If there is a head available a hydro power unit can be 
implemented. Disadvantageous might be the design of the basins, as the outflow of the mechanical treat-
ment usually is constructed as a wide overflow whereas hydro power requires the discharge concentrated 
in a compact way. New developments like several small waterwheels driving the same axis may be a so-
lution.  
Generally, the biological treatment offers only poor possibilities for hydro power facilities. If activated 
sludge is applied, the water usually flows by gravity flow through the biological treatment tank directly 
into the secondary sedimentation. Usually there is no hydraulic head available. Further, the activated 
sludge makes the water a poor media due to high density which makes the application in sludge contain-
ing treatment difficult.  
The most suitable site is the effluent discharge of the WWTP. To avoid pumping the effluent is situ-
ated on a certain level above the river level to guarantee a gravity flow even during smaller floods. This 
often leads to a certain useable head. Thus, the complete treated discharge of the WWTP can be used. Im-
plementing small hydropower at a WWTP is advantageous as there are no biological restrictions to be 
concerned and the connection to the power grid is already available. Instead of biological restrictions the 
design of the discharge and structural matters are the limiting factors. Generally, the discharge controls 
the diameter of the hydropower unit. Depending on the operation mode the head influences the length of 
the hydro power unit. Therefore the spatial conditions determine the applicable technique.  
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2.3 Small hydropower concepts at WWTP – Overall Economics 
Mainly Hydropower units at WWTPs are established by operators to enhance self-energy production. 
Thus the savings (i.e. expected energy delivery costs) have to be calculated rather than the gratification 
due to individual energy Laws (e.g. EEG in Germany). There are numerous scenarios concerning the de-
velopment of the energy costs in the near future. In any case, the price for energy will not decrease. 
Therefore it is suitable to implement a hydropower unit as soon as possible to decrease the plants overall 
energy costs. At the moment the energy delivery costs range around 20 ct/kWh in the German Federal 
State of North Rhine-Westphalia.  
The capital costs for the implementation of a small hydropower plant in general depend on the con-
structional cost for the unit. The costs for operation depend on maintenance needs. The constructional 
costs of new developed small hydropower units are usually smaller than those of classic turbine applica-
tions. This leads to short amortization times of less than ten years, whereas the units are expected to be 
working for longer time. 
Figure 8. Achievable profits depending on energy costs showing the profit of energy procurement costs 
Figure 8 shows the correlations between discharge, head and earned profit for a range of conventional en-
ergy costs. Whereas discharge and head influence the power and therefore the profits equally, the energy 
costs have the biggest effect onto the profits. The profits depend on the achievable work per year and 
therefore on local conditions. The profits may actively be influenced by the chosen gratification. As the 
energy procurement costs are twice as high as the feed-in tariff of e.g. the German EEG, the margin be-
tween both rises proportionally to achieved power/work. Even this small detail of the dependencies shows 
the high effect of saving energy costs by enhancing self-production. As it is expected that the energy costs 
will increase in future the margin and the savings, respectively, are also expected to increase.  
3 WWTP BOTTROP – A CASE STUDY 
The WWTP in Bottrop treats 1.3 Mio. PE and belongs to the German water board Emschergenossen-
schaft/Lippeverband. It was systematically investigated to distinguish possible hydropower sites. Con-
cerning a first estimation, four possible sites have been investigated in further detail: 
 Digesters 
 Outflow of chamber filter presses 
 Outflow of primary sedimentation 
 General outflow 
Hereby it was investigated that the sludge treatment, as already mentioned in chapter 2.2.1, is not suitable 
for hydro power application due to the characteristics of the sludge. Despite the big heads of the digesters 
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of about 30 m the fluid characteristics of the sludge would block any mechanical energy conveyer and 
therefore disrupt sludge treatment. The discharges of the chamber filter presses are so little that no eco-
nomic realization could be found. The mechanical treatment is hydraulically decoupled from the biologi-
cal treatment; therefore a head of approx. 1 m was detected. The mechanically pretreated sewage is suit-
able for hydropower units but the design of the basins prevents the installation of a hydropower unit.  
Only the general effluent can be used for hydropower application. Depending on the water level in the 
river there is a net head of 1.40 up to 1.80 m. The average discharge is 4 m³/s; within a margin of 40 %. 
After determining the hydrological suitable hydropower technologies the constructional restrictions have 
to be taken into account. Finally an Archimedean screw was considered the best solution. It fits the exist-
ing hydraulic and constructional conditions and is applicable at fluctuating discharges.  
Figure 9. Most probable implementation of the Archimedean Screw in the outfall of the WWTP Bottrop; L is the length of the 
hydropower unit, the diameter is 3 m, the ankle 22 ° 
Figure 9 shows a possible implementation of an Archimedean screw of 3 m diameter for a given head of 
1.4 to 1.8 m and a medium discharge of 4 m³/s in the outfall of the WWTP.  
While constructing an Archimedean screw within the outlet of a WWTP several restrictions have to be 
taken into account. To secure the undisturbed treatment of the WWTP the outfall has to be dissipated all 
the time, even at heavy rain events and if the hydropower unit is damaged, respectively. To guarantee the 
outfall in this case it is suggested to mount the Archimedean screw in the middle of the channel in combi-
nation with a weir of the given head. In operating conditions the weir will damp the water and lead it to 
the screw; if the screw is not able to use all the water available or is damaged, two bulkheads in the weir 
on the left and right can be opened to guarantee the rated discharge.  
The costs are dominated by construction costs. The hydropower unit accounts hereby only for 1/3 of the 
total construction costs. The constructional effort, i.e. the alteration of the effluent structure building se-
curing both the flood discharge as well as the stability generates the lion’s share.  
The expected average power is 40 kW, which leads, depending on hydrologic conditions to an annual 
work of 340,000 kWh. Considering energy costs of 25 ct/kWh, the profit totals 85,000 €/a. As the WWTP 
in Bottrop has an annual energy demand of approx. 40,000 MWh, whereof 29,000 MWh are already pro-
duced at the WWTP itself (which equals a self-energy production of 72.5 %) the additional self-produced 
energy by hydropower would enhance the self-energy rate to 73.4 %.  
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Figure 10. Total annual energy demand of the WWTP in Bottrop and supply distribution; basis 2010 
4 CONCLUSION AND OUTLOOK 
Since several years the increasing energy costs are forcing operators of WWTP to intensively enhance 
self-energy production. Many steps like improved sludge treatment have already been realized; conse-
quently, the application of hydropower solutions has to be taken into account. Particularly small hydro 
power units provide suitable requirements for WWTPs.  
Conducting this study, both possible hydropower sites at WWTPs as well as suitable technologies have 
been considered. Suitable sites are the intersection between mechanical and biological treatment as well 
as the effluent structure of the WWTP. As gravity flow is mostly used within every plant, it is expected 
that the most promising site is the effluent of the plant. For guaranteeing the effluent even at flood condi-
tions, a certain head to the receiving water is usually given. Constructional restrictions determine the ap-
plicable technology. Recapitulating different studies it was realized that only few so-called small hydro-
power techniques are suitable for WWTP. Economic viability is not necessarily achieved yet. Considering 
increasing energy costs and the lifetime of hydropower plants on a long-term scale the implementation of 
hydropower is a foresighted investment. Nevertheless, the research and development of small hydropower 
has to be observed within the next years as there are many promising technologies being established.  
If suitable discharges and heads are available hydro power is a simple and effective way to enhance 
self-energy production and thereby save energy costs as well as diminish CO2-emissions and thereby im-
prove the operator’s carbon footprint.  
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